Abstract The crystal structures of three 3-halogeno derivatives of 13N-substituted cytisine have been determined by X-ray diffraction. The two 13-acetyl substituted compounds, 3-bromo (1) and 3-iodo (2) are isostructural, with the isostructurality index as high as 99%. They both crystallize in monoclinic P2 1 space group, with unit cell parameters of a = 8.4709(10) Å , b = 9.2266(12) Å , c = 8.6051(10) Å , b = 98.528 (11)8 (1) and a = 8.2322(6) Å , b = 9.1724(7) Å , c = 8.5494(6) Å , b = 98.181 (7)8 (2). In turn, 3-bromo-13-t-butyl-carbonate derivative (3) crystallizes in orthorhombic P2 1 2 1 2 1 space group with a = 6.8171(3) Å , b = 7.8994(4) Å , c = 31.4657(15) Å . Conformation of the cytisine skeleton is similar in all three molecules, with almost planar A ring, sofa conformation of B-ring and C ring being an almost ideal chair. However, the orientations of the double C=O bonds in 13N-substituents are completely different: in 1 and 2 it is cis with respect to C12 (C12-N13-C14-O15 torsion angle is 3.3(4)8 in 1 and 1.3(6)8 in 2) while in 3 it is trans (-175.4(3)8). In the structures of 1 and 2 the driving force of the crystal architecture are quite strong C-HÁÁÁX halogen bonds with CÁÁÁX distances far shorter than the sums of van der Waals radii (CÁÁÁBr in 1 is 2.9430(19) Å and CÁÁÁI in 2 2.974(3)). In contrast in 3-partially as the consequence of different orientation of the substituent-there are no halogen bondings but instead some weak C-HÁÁÁO contacts organize the molecules into two-dimensional patterns.
Introduction
Cytisine is a natural quinolizidine alkaloid found in Fabacea plants such as Cytisus laburnum and Laburnum anagyroides [1] .
For many years cytisine has been used for smoking cessation in central and eastern European countries [2, 3] . It is a partial agonist at the a4b2 nAChR. Cytisine also shows high affinity for other nAChR subtypes, but the therapeutic consequence of them is unknown. These receptors have been identified as promising targets for the treatment of several neurological disorders, such as Parkinson's and Alzheimer's diseases, Tourette's syndrome, dyskinesias, schizophrenia, anxiety, attention deficit disorder, and pain [4] [5] [6] . Additionally, this natural compound was found to decrease nicotine-induced extra cellular dopamine release in the nucleus accumbens [7] , and was shown to reduce ethanol drinking behaviors in mice or rats [8, 9] and ethanol-induced dopamine and its metabolite [10] . Therefore, nicotinic ligands could be developed as potential therapeutic candidates for binge-like ethanol drinking and dependence in humans.
Recent interest in the chemistry of cytisine (1) has been growing because of a lack of understanding as to the molecular basis of this underpinning partial agonist profile. In terms of analogues, manipulation of cytisine itself is readily achievable at C3 and C5, C10, and N12 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] but interest in cytisine as a target for total synthesis has also been significant as well as the synthesis of cytisine derivatives [21, 22] .
In this context, in the present work we have attempted to analyze the structures of cytisine derivatives halogenated at C3 position (Scheme 1): 3-bromo-N-acetylcytisine (1), 3-iodo-N-acetylcytisine (2) and 3-bromo-cytisine-N-tbutylcarbonylate (N-boc-3bromocytisine) (3) [15, 23, 24] . This side is favorable for binding to a4b2 nAChRs [22] . We believe that together with biological research our work can help to understand how their structural differences are responsible for their ability to bind to nicotinic receptors and their different affinities.
Results and Discussion
Figures 1, 2 and 3 show the perspective view of the molecules 1-3, respectively. Table 1 lists some essential geometrical parameters.
Two acetyl derivatives 1 and 2 are isostructural. They crystallize in the same space groups, the unit cells are very similar and the disposition of the molecules in the crystal structure is almost identical. The values of the indicators of isostructurality introduced by Kalman et al. [25] and modified by Szafrański and Kubicki [26] show that in this case the degree of isostructurality is very high. The isostructurality index which describes in principle the mean difference between the positions of analogous atoms in the Scheme 1 The formulae of compounds 1-3 Fig. 1 Ellipsoid representation of molecule 1 together with the atom labeling scheme. The ellipsoids are drawn at 50% probability level, hydrogen atoms are depicted as spheres with arbitrary radii Fig. 2 Ellipsoid representation of molecule 2 together with the atom labeling scheme. The ellipsoids are drawn at 50% probability level, hydrogen atoms are depicted as spheres with arbitrary radii Fig. 3 Ellipsoid representation of molecule 3 together with the atom labeling scheme. The ellipsoids are drawn at 50% probability level, hydrogen atoms are depicted as spheres with arbitrary radii unit cell is almost ideal, equals to 98.9%. Of course, also the geometrical parameters of these two molecules are quite similar, so similar that in principle they make a good example for the application of the normal probability distribution test [27, 28] , which shows how far the differences between two molecules can be described as statistical only. In this case the correlation coefficient R 2 for bond lengths (without the C-X bond) is 0.979 and for all bond angles -0.963. The linear regression equations confirm the frequently described overestimation of the standard uncertainties by a factor of 2.
Therefore in further analysis we will compare the 3-bromo-N-boc derivative (3) to 3-bromo-N-acyl derivative (1) only as 3-iodo-N-acyl compound (2) is almost identical with 1.
Overall conformations of the molecules are quite similar; the cytisine skeleton is stiff and the rings have almost the same shape. Interestingly, it turns out that the protonation of cytosine does not change its conformation (cf. [23, 24] ); such a change was observed in e.g. sparteine (for instance, [29, 30] ) or multiflorine derivatives (e.g. [31, 32] ).The ring A (cf. Fig. 1 ) is almost planar, maximum deviation from the least squares planes are 0.020(3) Å in 1, 0.006(2) Å in 2 and 0.033(2) Å in 3. Rings B are all close to the sofa conformation; the asymmetry parameters [33] which describe the deviations of these rings from their ideal C s symmetry are 3.3, 5.8 and 3.7°. Finally, the rings C are almost ideal chairs, with the appropriate asymmetry parameters DC s and DC 2 not larger than 5°. Some conformational differences between 3 on one side and 1 and 2 on the other should be however noticed (Fig. 4) , and it turns out that these slight changes mean a lot for the crystal packing. First, the overall shape of the molecules can be defined by the dihedral angle between planar ring A and an approximately planar fragment from another site of the molecule, which is the mean plane of the C11, N12, C13, C14, O15, C(O) 16 The crystal structures of compounds 3 on one side and 1 and 2 on the other are determined by quite different weak intermolecular interactions. This might be regarded as another example of the competition between weak hydrogen bonds and so-called halogen bonds, and this competition in the present case influences the conformation of a side chain. In 3 there are some weak C-HÁÁÁO interactions (Table 3) , which organize molecules into a two-dimensional pattern (Fig. 5) . These interactions are weak, as judged by their geometrical characteristics, but-looking at the crystal structure-they undoubtedly influence the crystal structure. In the structures of 1 and 2 the driving force of the crystal architecture are quite strong C-HÁÁÁX halogen bonds (X=Br for 1, I for 2). This kind of interaction, postulated in the 1960s [34, 35] and confirmed as an important player in the determination of the crystal structure (e.g. [36, 37] and references therein), are in principle electrostatic interactions between a covalently bound halogen atom and the lone pair of the ''acceptor'' atom, and they should be quite directional. This is exactly the case in the crystal structures of 1 and 2, where the angles C-XÁÁÁO are close to 1808 while the angles C=OÁÁÁX suggest the direction of the lone pair of the oxygen atom (cf. Fig. 6 ; Table 2 ). These interactions are quite strong in 1 and 2. In the Cambridge Structural Database (CSD, [38] , version 5.33 of Nov. 2011) we have found 832 C-BrÁÁÁO contacts with BrÁÁÁO distances closer than the sum of appropriate van der Waals radii as defined by the CSD, but only less than 50 of them are closer or comparable to the BrÁÁÁO distance in 1 (2.9430(19) Å ). For iodine derivatives there are 337 fragments with IÁÁÁO distances shorter than the sum of the van der Waals radii and only 40 closer than or equal to the distance in 2 (2.974(3) Å ).
Experimental
The synthetic procedure has been described elsewhere [15, 23, 24] . Crystals appropriate for X-ray data collection were obtained from the MeOH-EtOH (1:1) solutions by slow evaporation at room temperature. Diffraction data were collected at room temperature by the x-scan technique on an Oxford Diffraction Xcalibur four-circle diffractometer with Eos CCD-detector with graphite-monochromatized MoK a radiation (k = 0.71073 Å ). The data were corrected for Lorentz-polarization as well as for absorption effects [39] . Accurate unit-cell parameters were determined by a least-squares fit of 2312 (1) Table 1 . Anisotropic atomic displacement parameters were refined for all non-hydrogen atoms. The hydrogen atoms were placed in geometrically idealized positions, and refined as rigid groups with their U iso 's as 1.2 or 1.5 (methyl) times U eq of the appropriate carrier atom. The absolute structure was assigned according to the known parent compounds, and it was additionally confirmed by the values of the Flack parameters [41] (Table 3) . Programs XP [42] and Mercury [43] were used for graphic representations, used in figures. Relevant crystal data are listed in Table 1 , together with refinement details.
Crystallographic data (excluding structure factors) for the structural analysis have been deposited with the Cambridge Crystallographic Data Centre, Nos. CCDC-851253 (1), CCDC-851254 (2) and CCDC-851255 (3). Copies of this information may be obtained free of charge from: The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK. Fax: ?44(1223)336-033, e-mail:deposit@ccdc. cam.ac.uk, or www: www.ccdc.cam.ac.uk.
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